Admixture can break up divergent genetic architectures between populations, resulting in phenotypic novelty and generating raw material for environmental selection. The contribution of admixture to progeny trait variation and fitness varies based on the degree of genetic isolation between the parental populations, for which most studies have used geographic distance as a proxy. A novel approach is to estimate optimal crossing distance using the adaptive genetic distance between mates estimated from loci that contribute directly to local adaptation. Here, we aim to understand the effect of admixture on disrupting local adaptation of ecotypes of Arabidopsis thaliana separated along gradients of geographic, background, and locally adaptive genetic distances. We created experimental F 1 hybrids between ecotypes that vary in geographic distance and used SNP data to estimate background (putatively neutral) and adaptive genetic distance. Hybrids were grown under controlled conditions, and fitness, growth, and phenology traits were measured. The different traits measured showed a clear effect of adaptive genetic distance, but not geographic distance. The earliest bolting hybrids were intermediate in the adaptive genetic distance between their parents, and also had higher biomass and fitness in terms of fruit and seed production. Our results suggest that disruption of locally adaptive genomic loci decreases the performance of offspring between distantly related parents, but that crosses between very closely related parents also reduce performance, likely through the expression of deleterious recessive alleles. We conclude that during admixture, selection may have to balance the consequences of disrupting local adaption while also avoiding inbreeding depression.
. Thus, natural admixture zones have long been recognized as important areas to study the evolutionary process because recombination can result in phenotypic novelty and reveal segregating genetic variance available for natural selection to act upon (Barton 2001; Rieseberg et al. 2003; Lavergne and Molofsky 2007; Keller and Taylor 2010; Friedman 2015; Goulet et al. 2017) .
Admixture between genetically divergent and locally adapted populations can constrain or enhance the performance of hybrid offspring, depending on the degree of divergence separating populations and their history of inbreeding, drift, and selection (Lynch 1991; Verhoeven et al. 2011) . If populations are highly inbred, then admixed individuals may benefit from an increase in heterozygosity which may bring heterosis (hybrid vigor) , that is, the phenotypic superiority of hybrid genotypes compared with their parents (Lippman and Zamir 2007) , as a result of sheltering the genetic load of recessive deleterious mutations or gene overdominance (Barton and Hewitt 1985; Lynch 1991; Prentis et al. 2008) . Alternatively, genetically admixed individuals may have reduced fitness due to either inbreeding depression or outbreeding depression (Charlesworth and Charlesworth 1987; Lynch 1991; Oostermeijer et al. 1995; Byers 1998 ). Inbreeding depression is generally attributable to homozygosity of recessive deleterious alleles or loss of overdominance (Lynch 1991) , whereas it is suggested that outbreeding depression can occur through 2 distinct mechanisms: 1) disrupting allelic coadaptation (underdominance or complementary epistasis) or 2) disrupting local adaptation to environmental conditions (Waser and Price 1989) .
In sessile organisms such as plants, the geographic distance separating populations may be expected to lead to an optimal outcrossing distance that balances the fitness effects of inbreeding depression at short distances with disruption of coadapted alleles and loss of local adaptation at greater distances (Price and Waser 1979; Waser and Price 1989) . Evidence for optimal outcrossing has been reported from natural plant populations across a range of geographic crossing distances (Fenster and Galloway 2000; Waser et al. 2000; Grindeland 2008 ). These studies typically use geographic distance as a proxy for relatedness and degree of shared local adaptation; yet surprisingly, few studies have tested for an optimal outcrossing distance that considers genetic distance (Edmands 1999; Mindaye et al. 2015) , and to our knowledge, none of the studies explicitly consider genetic distances based on loci explicitly associated with local adaptation.
With the current availability of large population genomic datasets, it should be possible to parse out the contributions of geography, inbreeding/population history, and local adaptation on optimal outcrossing distance. For example, the overall genome-wide genetic distance calculated across many selectively neutral SNP loci (hereafter, "background genetic distance") should reflect demographic processes that may covary with geographic distance, such as inbreeding and genetic drift (Wright 1943) . In addition, geographically separated populations often show elevated divergence (F ST ) or association with adaptive phenotypes for a subset of loci experiencing local selection (hereafter, "adaptive genetic distance") (Linhart and Grant 1996) . Indeed, elevated divergence at selected loci relative to the background of the rest of the genome is a classic signature of local adaptation (Lewontin and Krakauer 1973; Whitlock 2015) and forms the basis of modern genome scans for local adaptation (Hoban et al. 2016) . Comparing locally adapted genomes based on geographic distance with those based on genetic distance at different classes of genomic loci (background and adaptive) may reveal different contributions to the fitness of offspring produced by admixture between geographically separated populations, and provide a more mechanistic understanding of optimal outcrossing distances.
In our study, we predict different fitness effects for intraspecific hybrid offspring based on the geographic or genetic crossing distances separating the parental lines. Based on optimal outcrossing theory, we predict that all 3 distances (geographic, background genetic, adaptive genetic) are capable of generating highest fitness at intermediate distances, resulting in a quadratic fitness function (Figure 1) . However, the set of genetic and evolutionary processes responsible for the fitness effects of each distance are distinct, and thus, different patterns observed in regression analyses of fitness traits on geographic or genetic distances yield different inferences on the evolutionary processes responsible (Table 1) . In general, hybrids created from very close parental lines, either geographically or genetically, could experience a reduction in fitness due to inbreeding depression (Lande and Schemske 1985) ( Figure 1A ). The loss of fitness due to inbreeding depression may affect both background and adaptive genetic distances, if both types of distance are associated with genetic load of deleterious mutations. In background genetic distance, this may be attributable to the degree of relatedness between individuals, whereas in adaptive genetic distance, it may reflect slightly deleterious mutations that experienced hitchhiking selection during selective sweeps of adaptive loci (Hartfield and Otto 2011) . In contrast, a reduction in fitness in crosses between very distant lines is indicative of outbreeding depression due to epistasis or loss of local adaptation ( Figure 1E ). It may be possible to tease apart the contributions of adaptive versus background genetic distance to identify the mechanisms responsible for outbreeding depression. We predict that outbreeding depression at large background genetic distances likely reflects the loss of beneficial epistasis and the breakup of coadapted alleles (Lynch 1991) , whereas the contribution of large adaptive genetic distance likely reflects dilution of local adaptation Hufford and Mazer 2003; Verhoeven et al. 2011) . As a result of these 2 extremes, we predict an optimal outcrossing distance should exist that reflects the benefits of heterosis and the maintenance of local adaptation at intermediate distances while avoiding loss of fitness due to inbreeding and outbreeding at larger distances (Lynch 1991; Oakley et al. 2015 ) ( Figure 1C ). In the absence of inbreeding depression, for example, if genetic load is purged in a highly selfing species, it is also possible that hybrid fitness shows an increment between very close lines ( Figure 1B) . A more linear decline with adaptive genetic distance as local adaptation becomes diluted in crosses between increasingly distant parental lines ( Figure 1D ).
The annual plant Arabidopsis thaliana L. (Brassicaceae) provides an interesting model system to study admixture and the contributions of outcrossing distance on fitness-related traits. Arabidopsis thaliana has a primarily selfing mating system in which natural outcrossing and admixture are rare but occur in nature frequently enough to influence population structure and generate clear signals of isolation by geographic distance . Furthermore, despite its mostly selfing mating system, A. thaliana is not immune to the accumulation of genetic load of deleterious mutations (Bustamante et al. 2002; Ågren et al. 2013) , and viability loci exhibiting overdominance are known to contribute to heterosis during experimental outcrossing (Mitchell-Olds 1995) . Lastly, multiple studies have shown that geographically diverse ecotypes of A. thaliana exhibit local adaptation (Rutter and Fenster 2007; Fournier-Level et al. 2011; Hancock et al. 2011; Ågren and Schemske 2012; Gaut 2012; Ågren et al. 2013; Huber et al. 2014 ) and population genomic studies have identified clear candidate genes contributing to local adaptation (Fournier-Level et al. 2011; Hancock et al. 2011) .
To deepen our understanding of the fitness effects of admixture along geographic and genetic gradients, we created experimental F 1 hybrids between A. thaliana ecotypes across a range of geographic and genetic distances. Based on the optimal outcrossing hypothesis, we predicted either a negative linear or quadratic relationship between the adaptive genetic distance of the parents, calculated from loci under local adaptation, and the resulting performance of the offspring, where intermediate adaptive genetic distances would indicate an optimal crossing distance balancing local adaptation and inbreeding load. We also predicted that disruption of local adaptation would most strongly affect traits known to experience environmentally varying selection in natural populations, such as phenology and growth traits, whereas any intrinsic effects of disrupting coadapted alleles would more strongly affect traits closely associated with fitness.
Materials and Methods

Study System
We selected 17 distinct ecotypes sampled from across an array of geographic and genetic distances observed in natural populations of A. thaliana based on Atwell et al. (2010) (Table 2 ). Seeds were ordered from The Arabidopsis Information Resource (TAIR; available at www.arabidopsis.org) (TAIR, 2000) . To reduce maternal effects, plants were grown for 1 generation under controlled longday conditions (16 h light: 8 dark [16L: 8D], at 18 °C), in standard Metro-mix soil, with bottom watering provided every 2 days to reduce plant damage.
Crossing and Growing Conditions
We created F 1 hybrid progeny by emasculating pollen from flowers prior to anthesis and then outcrossing with pollen from a distinct ecotype. A total of 11 full-sib families were created this way among the 17 parental ecotypes, representing a range in geographic and genetic crossing distances (Table 3) . After ripening and seed collection, first-generation hybrid seeds, along with seeds of the corresponding parental ecotypes, were vernalized in darkness for 5 days at 4 °C before being moved to growth chambers. Imbibed seeds were then transferred to soil and placed under 18 °C to stimulate germination, leaving 1 plant per 5-cm pot. In order to match growing conditions previously used to minimize maternal effects and to provide a benign growing environment, we grew 8 hybrid offspring per cross and 8 plants per each parent at 18 °C under long-day (16L: 8D) conditions in growth chambers. We measured offspring performance and tested for the effect of admixture along geographic and genetic gradients using 3 different types of traits: 1) phenology traits: bolting speed (1/bolting time) and number of leaves at bolting speed (1/number of leaves at bolting time), which covaries strongly with flowering time; 2) growth traits: aboveground dry mass (biomass) and stem length (height); and 3) fitness traits: total fruit production and seed weight.
To estimate the contribution of adaptive genetic distance between parents on the fitness of admixed offspring, we focused on 4 fitness QTL previously associated with local adaptation of A. thaliana populations under field conditions (Fournier-Level et al. 2011 ). Fournier-Level et al. (2011 used results from 4 geographically dispersed common garden trials in Europe and a corresponding genome-wide association study (GWAS) using 213 248 SNPs to identify 4 fitness QTL located near 8 candidate genes (LAC1, CHR8, PHYB, Δ-TIP, NDF4, TRZ4, SAG21, PARP1) that are associated with survival and silique number. SNPs marking these QTL also show higher frequencies of the fitness-associated allele in populations close to the common garden site where they were associated with fitness in the GWAS, strongly implicating their role in local adaptation (Fournier-Level et al. 2011 ). We obtained SNP genotypes for each of our parental ecotypes from a 1-kb window upstream and downstream of each QTL's position using publically available data from the Arabidopsis 1001 Genomes project (http://1001genomes. org/about.html), yielding a total of 748 SNPs. We chose to analyze all SNPs within a 1-kb window of each fitness QTL to capture the effects of linked selection acting on allele frequencies. Because linkage disequilibrium (LD) in A. thaliana extends to 10 kb (Kim et al. 2007) , our use of a 1-kb window should yield SNPs in high LD with the selected locus, while also accommodating uncertainty in the exact location of the causal adaptive locus. In addition, we looked at the genotypes for the 4 individual SNP loci associated with local adaptation in Fournier-Level et al. (2011) and found congruence across all measured traits with the patterns that we reported for adaptive genetic distance measured from closely linked SNPs (results not shown). We used the 748 SNPs to estimate a locally adaptive genetic distance (calculated as 1 − identity by state) between each pair of ecotypes used as parents in the experimental crosses, using Plink v1.9 (Purcell et al. 2007 ). In order to assess the neutral genetic contributions to admixed offspring due to variation in background relatedness and demographic history (i.e., caused by inbreeding or isolation by distance), we also calculated a genome-wide background genetic distance from SNP loci across the genome for the 17 parental ecotypes. SNP genotype data were converted to Variant Call Format (VCF) and filtered using VCFtools (Danecek et al. 2011 ) to keep only biallelic SNPs annotated as occurring within intergenic regions. We focused on intergenic regions in an attempt to avoid regions of the genome most likely to be under local selection, although we cannot rule out that these regions could contain regulatory functions. To obtain a genome-wide estimate of neutral relatedness, and to reduce effects of strong LD between closely spaced SNPs, we further thinned sites to a 1-kb minimum length between sites. This approach differed from our treatment of adaptive genetic distance, in which we included closely linked sites around fitness QTL to capture effects of linked selection, whereas here we are interested in sampling neutral genetic variation broadly across the genomic background. After filtering, we retained a total of 961 SNPs that were used to estimate background genetic distance (calculated as 1 − identity by state) using Plink v1.9 (Purcell et al. 2007) .
Lastly, geographic distances between parental ecotypes were calculated using the latitude and longitude of their locations based on great circle distances (Table 3) . Because there is evidence of misidentification in the geographic origin of some A. thaliana ecotypes (Anastasio et al. 2011) , we first corroborated the origins of our 17 ecotypes with Anastasio et al. (2011) . We found that 5 of our ecotypes (Col-0, Tu-0, Uod-7, Tsu-1, Gie-0) were considered by Anastasio et al. (2011) to have an erroneous geographic origin, identified as accessions that are genetically differentiated from their neighbors but genetically very similar to geographically distant individuals (Table 3) . To attempt to correct for this misspecification of origin when calculating geographic distances in our crosses, we calculated an estimation of the geographic distance ("proxy geographic distance"). First, we identified the most closely related ecotype to our samples with unknown origin, based on the kinship matrix reported Geographic distances are based on Euclidean distance using the latitude and longitude of their locations. Geographic origin was verified with the results of Anastasio et al. (2011) . Geographic distance of ecotypes with unknown origin has been calculated after replacement with their closely related ecotype based on genome-wide estimates of pairwise kinship from Atwell et al. (2010) . Countries where ecotypes come from GER (Germany), NOR (Norway), UK (United Kingdom), AUT (Austria), SUI (Switzerland), BEL (Belgium), and CZE (Czech Republic). Not found closely related ecotypes (N.F.). by Atwell et al. (2010) . We then used the geographic origin of the most closely related ecotype to calculate the proxy geographic distance between parents used in our crosses (Table 3) . We recognize that this approach is an approximation of the true unknown geographic distances.
We assessed the nature of the response of fitness and locally adaptive traits to genetic and geographic distances by fitting multiple regression models in JMP, version 12.0. To adjust for non-normality, bolting speed and biomass were square root transformed, and number of leaves at bolting speed, number of fruits and seed weight were transformed using log 10 . We included both linear and quadratic terms in regression models to test our predictions. Using multiple regression allowed us to partition the relative importance of genetic and geographical distances, while controlling for partial correlations among these predictors, but could be biased if strong autocorrelation exists among our predictors. We assessed the degree of correlation between our 3 distances (adaptive, background, and geographic) using univariate regression in JMP 12.0, as well as through Mantel tests using PC-ORD 6.0. We found no significant evidence for correlation among predictors (all P > 0.1), justifying their inclusion in multiple regression. For simplicity, we plot results from univariate regressions to show the shape of the relationship between traits and distance but report statistical tests based on the multiple regression models in which we used Bonferroni correction to set the α significance level.
Results
We found support for a quadratic relationship between adaptive genetic distance and phenology, growth, and some of the fitness traits in F 1 hybrids, supporting the prediction of an optimal outcrossing distance (Table 4, Figure 2A ). The earliest bolting hybrids were from crosses between ecotypes with intermediate adaptive genetic distance. The F 1 hybrids of A. thaliana that bolted early also showed a fitness advantage in terms of fruit production (β ± SE = 2.80279 ± 0.840954, P = 0.0012) (Figure 3) . Hybrids from intermediate adaptive genetic distances also bolted with fewer numbers of leaves (Figure 2A ). In addition, intermediate adaptive distance hybrids produced more seeds than hybrids from very close or far adaptive distances. A linear decrease in fruit number with the increment of adaptive genetic distance of the cross parents was evident for F 1 hybrids of A. thaliana (Table 4, Figure 2A ). Height and biomass were not affected by adaptive genetic distance.
Effects of background genetic distance (inbreeding and disruption of epistatic interactions) were also observed for bolting speed and leaf number, showing a pattern similar to adaptive genetic distance (Table 4) . Hybrids from crosses of intermediate background genetic distances bolted earlier with fewer numbers of leaves ( Figure 2B ). Background genetic distance showed a linear decrease in biomass and fruit number, whereas seed weight decreased up to an intermediate background genetic distance and then increased slightly among the most close and distant crosses ( Figure 2B , Table 4) .
To compare our analysis of genetic analysis of optimal outcrossing distances with previous studies, we also tested for an effect of geographical distance on outcrossing in the multivariate analysis. Geographical distance showed a different effect on phenology, growth, and fitness traits than the effect suggested by either genetic distance. The analysis using the proxy geographic distance indicated a significant positive quadratic relationship with phenology traits, with hybrids from intermediate geographic distances bolting later and having more leaves at bolting compared with hybrids from geographically close or distant parents ( Figure 2C ). This is opposite to the prediction for optimal outcrossing as well as opposite to the relationship observed for both adaptive and background genetic distances. For the remaining growth and fitness traits, the effect of geographic distance was generally weak and nonsignificant (after Bonferroni correction), with the exception of height and seed weight, which showed reduced trait values for crosses at close geographic distances ( Figure 2C , Table 4 ).
Discussion
Independent assortment and recombination of locally adaptive genomic regions between distantly related parents can decrease the performance of offspring for environmentally selected traits (Waser et al. 2000; Grindeland 2008 ). However, crossing between closely related parents often results in inbreeding depression, also leading to reduced offspring performance (Lynch 1991) . Thus, during outcrossing between parental ecotypes separated along a gradient of genetic distance, selection may have to balance the consequences of disrupting local adaption and coadapted genes at greater distances while also avoiding inbreeding depression and other dominance effects at closer distances, predicting an intermediate optimum crossing distance (Figure 1 ). Our study supports the existence of such an optimal outcrossing distance between A. thaliana ecotypes in which there is loss of local adaptation with adaptive genetic distance between the parents. Increased adaptive genetic distance resulted in reduced performance for most traits; however, we also observed lower performance at very close adaptive genetic distances, suggesting additional negative effects of inbreeding. Thus, our results suggest that selection history may favor recombinant offspring genotypes that come from an intermediate degree of adaptive genetic distance between the parents.
The strongest evidence for optimal outcrossing we observed was for phenology traits (bolting time and leaves at bolting). The earliest bolting hybrids were produced by crosses that were intermediate in adaptive genetic distance between the parents, as predicted by the optimal outcrossing hypothesis. Abundant evidence exists from studies of A. thaliana for local adaptation at both the phenotypic and molecular levels (Mitchell-Olds and Schmitt 2006; Ågren and Schemske 2012; Ågren et al. 2013) , and traits such as bolting and flowering time are clearly associated with locally adaptive ecological differentiation (McKay et al. 2003; Stinchcombe et al. 2004; Lasky et al. 2012 Lasky et al. , 2014 . Bolting time shows evidence of adaptation to climatic conditions (Montesinos-Navarro et al. 2011) and is associated with fitness under field conditions (Korves et al. 2007 ). It has also been reported that selection on bolting time can constrain or enhance the ability of particular genotypes to colonize different areas (Griffith et al. 2004) , for example, later flowering genotypes have more restricted range potentials and narrower niche breadths than earlier flowering genotypes (Banta et al. 2012) .
Our observation of slower bolting speed at larger adaptive genetic distances suggests that recombination between locally adapted populations may generate a mismatch in the adaptive alleles in admixed genotypes, reducing their level of local adaptation (Verhoeven et al. 2011 ). Yet, phenology traits also experienced loss of performance between genetically close parents in our crosses, possibly the result of loss of overdominance (Mitchell-Olds 1995) or linked partially deleterious alleles in the regions of adaptive SNP loci (Bustamante et al. 2002) . This suggests that some of the benefits of intermediate outcrossing distances may accrue from heterosis, which may affect both adaptive and background genetic distances, based on the intermediate optima evident for both types of genetic distance (Figure 2) . Selection favors different alleles over the geographic range of a species in which local adaptation has played an important role maintaining adaptive natural variation (Feulner et al. 2015) . Although this has led to the common assumption that geographic distance should be a good predictor for disruption of local adaptation (Price and Waser 1979; Schmidt and Levin 1985; Waser and Price 1989) , we found geographic distance to be a relatively poor fit to the optimal outcrossing hypothesis compared with adaptive and background genetic distances (Figure 2 , Table 4 ). Genomic tools have provided extensive evidence for the genetic basis of local adaptation (e.g., Lasky et al. 2014; Yoder et al. 2014; Rellstab et al. 2017) . With the growing availability of methods to uncover locally adapted regions of the genome, we expect that future studies of admixture across a gradient of adaptive genetic distances will uncover similar findings, especially when allelic interactions within or between loci are implicated in the genetic architecture of adaptation. For example, a recent study with different populations of A. thaliana across its native range reported evidence of strong selection on a defense trait against herbivores (glucosinolate profiles) (Brachi et al. 2015) . This study suggests 2 genes (MAM1 and GS-OH) to be the targets of divergent selection between Eastern and Western Europe driven by the local herbivore community (Brachi et al. 2015) . Because these 2 genes are part of the same biosynthetic pathway and have epistatic effects on fitness, these results suggest that selection played a role in locking the genome into locally favorable combinations of alleles (Brachi et al. 2015) . Thus, hybridization could break out the locally adaptive genome bringing negative fitness consequences. Because fitness traits are sensitive to environmental conditions, it is important to be cautious when interpreting the performance of our experimental hybrids measured in a single test environment (18 °C under 16L: 8D) . In particular, we recognize that our experimental growing conditions do not reflect the full range of natural environments of all the parental ecotypes used in our study, which can constrain the response of the different traits measured. However, growth temperatures around 18 °C with no water limitations have been used in other studies as a benign growth environment for A. thaliana (Lee et al. 2013; Posé et al. 2013) . Favorable growing conditions allowed us to assess the effects of genetic and geographic crossing distances under conditions conducive to plant growth, but probably missed differential responses to stress that may be important aspects of local adaptation. Future studies should incorporate limiting abiotic factors or other forms of stress in order to have a more realistic scenario, and ideally, hybrids should be measured in both native parental environments in a reciprocal transplant design in order to compare how hybrid fitness compares with parental fitness under the conditions to which the parental genotypes adapted. This contribution is relevant to studies that wish to make predictions of plant performance in hybrid crosses between different genetically divergent lines. Based on our results, integrating information on adaptive genetic distances based on genome scans for local adaptation provides additional information on plant performance beyond what is attributable to genome-wide measures of overall kinship or geographic distance. As population genomic studies identify additional candidates for local adaptation, future work testing the relevance of adaptive genetic distance on crosses should evaluate the context dependency of optimal outcrossing across a range of growth environments and for a larger fraction of the locally adaptive portion of the genome. Studies of optimal outcrossing based on accumulated knowledge of the genomic basis of local adaptation have great potential to reveal the fitness effects of recombination between locally adapted populations, and the implications this has for species experiencing admixture when expanding their ranges.
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